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27 1. INTRODUCTION
28 There are many examples for which the adhesion associated
29 with liquid junctions between solid surfaces is important, such as
30 granular materials,13 hard disk drives,46 nanotribology,7,8 nano-
31 lithography processes,9,10 and in the interaction of particles
32 within the lungs.1113 Under static conditions, the adhesion arises
33 from capillary attraction while viscous forces will also be devel-
34 oped when there is relative motion between the solid surfaces.
35 Liquid bridges have been studied theoretically by numerous
36 researchers, and also experimentally often with water or another
37 Newtonian ﬂuid. For example, atomic force microscopy (AFM)
38 has been employed widely to investigate the capillary forces,14 in-
39 cluding the eﬀect of humidity on condensed bridges for hydro-
40 philic and hydrophobic systems,1517 the critical eﬀect of tip
41 geometry on the magnitude of the forces and the rupture
42 stability,18,19 assessing the geometry of nanoscale contacts,20
43 and the stability of nanoscale aqueous liquid bridges taking into
44 account possible eﬀects arising from cavitation.21 The inﬂuence
45 of surface wetting on the capillary forces between solid planar
46 surfaces has been considered for both aqueous and nonaqueous
47 systems.22,23 For rigid spheres, analytical and closed-form approx-
48 imations have been developed for the capillary interactions15,2426
49 and also the viscous force in the lubrication limit.2729 Non-
50 Newtonian ﬂuids have been considered primarily for polymeric
51 systems, when it is possible to approximate the ﬂow behavior by a
52 power-law relationship.30 The eﬀect of non-Newtonian ﬂow on
53the separation of a sphere from a ﬂat surface has been inves-
54tigated,31 in which the analytical solution derived by Streator32
55provided a lower bound for the separation time.
56The current work involves the measurement of adhesion, at
57small separation distances in the vicinity of the peak adhesive
58force, using colloid probe AFM for thin ﬁlms of a range of
59Newtonian and viscoelastic poly(dimethylsiloxane) (PDMS)
60liquids deposited on Si wafers. The detachment of a spherical
61probe from thin Newtonian liquid ﬁlms has been considered
62previously using a pendulum,33 a load cell,34 and AFM.35 The
63current work builds on the previous research by considering the
64total viscous and capillary contributions to the measured force, as
65well as interpreting the experimental data by extending existing
66theoretical models to account for linear and nonlinear viscoelas-
67ticity including stress overshoot. The validity of the models is
68evaluated by comparison with the experimental data.
692. THEORETICAL
70In this section, theoretical models are described for calculating the
71adhesive force developed during the separation of a liquid junction. They
72are based on the system geometry that is shown in Figure 1 F1for a colloid
73probe in contact with a liquid ﬁlm deposited on a smooth planar surface
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9 ABSTRACT:The adhesive characteristics of thin ﬁlms (0.22 μm) of
10 linear poly(dimethylsiloxane) (PDMS) liquids with a wide range of
11 molecular weights have been measured using an atomic force micro-
12 scope with a colloid probe (diameters 5 and 12 μm) for diﬀerent
13 separation velocities. The data were consistent with a residual ﬁlm in
14 the contact region having a thickness of∼6 nm following an extended
15 dwell time before separation of the probe. It was possible to estimate
16 the maximum adhesive force as a function of the capillary number, Ca,
17 by applying existing theoretical models based on capillary interactions
18 and viscous ﬂow except at large values of Ca in the case of viscoelastic
19 ﬂuids, for which it was necessary to develop a nonlinear viscoelastic
20 model. The compliance of the atomic force microscope colloid beam
21 was an important factor in governing the retraction velocity of the
22 probe and therefore the value of the adhesive force, but the inertia of the beam and viscoelastic stress overshoot eﬀects were not
23 signiﬁcant in the range of separation velocities investigated.
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74 such that the location of the three-phase contact line deﬁning the liquid
75 contact radius, a, is approximated by ignoring the meniscus. The axial
76 and radial coordinates, (z, r), are also shown with an origin on the planar
77 surface. The gap between the colloid probe and the planar surface, s(r),
78 has a minimum value s(0) = S. The models assume that the adhesive
79 force is the sum of the capillary attraction and that associated with shear
80 ﬂow in the lubrication limit. Numerical models involving extensional
81 ﬂow terms are required at larger separation distances and will not be
82 considered in the current work.
83 2.1. Capillary-Viscous Model. Matthewson33 proposed that the
84 total force, F, acting on a sphere of radiusR, when partially immersed in a
85 perfectly wetting thin film of a Newtonian liquid and with a separation
86 velocity, _S, is the sum of the capillary, FC, and viscous forces, FV, thus
F ¼ FC þ FV ð1Þ
87 where
FC ¼ 4πσR 1 SH
 
ð2Þ
88 and
FV ¼ 6πηR2 1 SH
 2 _S
S
ð3Þ
89 and where σ is the surface tension, H is the film thickness, and η is the
90 viscosity of the liquid. The second term in eq 1 assumes that the
91 lubrication approximation is valid and that there is a no slip boundary
92 condition. For the current system, the first assumption is valid since data
93 analysis is restricted to minimum separation distances between the
94 colloid probe and the Si wafer that are at least an order of magnitude
95 smaller than the wetted contact radius of the probe (a. S). The no slip
96 condition will be discussed in section 5.5. The first-order expression for
97 the capillary force (eq 2) was employed rather than obtaining a closed-
98 form approximation to a numerical solution of the YoungLaplace
99 equation because the solution is degenerate for this particular geometry
100 of sphere-on-thin film due to the radius of the meniscus at the liquid
101 film/air interface being singular.36
102 Since the force acting on the probe is due to the deﬂection of the AFM
103 cantilever, it is necessary to account for the beam stiﬀness or spring
104 constant, k, as follows:
F ¼ k½Vt  ðS S0Þ ð4Þ
105 where V is the drive velocity of the ﬁxed-end of the AFM cantilever and
106 S0 is theminimum separation distance at t = 0 corresponding to the time,
107 t, at which retraction of the probe is initiated following the dwell period.
108Equating eqs 1 and 4 and including the possible eﬀect of the
109acceleration of the probe, and assuming the eﬀect of ﬂuid inertia to be
110small in comparison, the resulting equation of motion may be written in
111nondimensional form as follows:
F ¼ F
4πσR
¼ k
4πσR
½Vt  ðS S0Þ
¼ 1 S
H
 
þ 3ηR
2σ
1 S
H
 2 _S
S
 m
€S
4πσR
ð5Þ
1123where m is the total eﬀective mass of the AFM beam assembly and €S is
114the acceleration of the probe. The eﬀective mass is the sum of themass of
115the colloid probe, mc, and the eﬀective mass of the cantilever beam, mb.
116For the rectangular cross-section beams used in the current work, mb
117may be determined on the basis that the deﬂection of a cantilever under
118point loading at the free end may be closely approximated by the ﬁrst
119mode shape of an oscillating cantilever, thus37
mb ¼ 0:97k L
4Fb
d2E
ð6Þ
120where L, d, Fb, and E are the length, thickness, density, and Young’s
121modulus of the beam. Hence, the total eﬀective mass may be written as
m ¼ mb þ 43 πFcR
3 ð7Þ
122where Fc is the density of the colloid probe.
1232.2. Capillary-Linear Viscoelastic Stress Overshoot Model.
124Leider and Bird38 considered the effects of viscoelasticity in constant
125force squeeze flow and suggested that the following constitutive
126equation is appropriate for describing transient experiments:
τ þ λDτ
Dt
¼  η0
:
γ ð8Þ
127where τ is the shear stress, λ is a time constant, η0 is the shear viscosity at
128a zero strain rate, _γ is the strain rate, and D/Dt is the Jaumann’s or co-
129rotational derivative. They found that it was not possible to obtain an
130analytical solution to eq 8 for the case of constant force and suggested an
131approximate solution that may be written in the following form:
τ ¼ η :γ 1 eðt=λÞ
h i
þ η :γ2t et=λ ð9Þ
132where
:
γ ¼ ∂vr
∂z
ð10Þ
133and where vr is the radial component of the velocity and z is the axial
134direction of the flow field.
135The ﬁrst term in eq 9 is equivalent to the response for separation at a
136constant strain rate such that the stress at t = 0 is zero and increases with
137increasing time to an asymptotic value corresponding to a Newtonian
138ﬂuid with the same zero shear rate viscosity. The second term is the
139response due to a sudden initiation of motion, which is deﬁned as stress
140overshoot. It can be seen that the initial value of this expression is zero
141but becomes signiﬁcant when t∼ λ before decaying toward zero as tf∞.
142This second component would always be always positive regardless of
143the direction of motion of the probe; that is, it is path independent,
144whereas the sign of the ﬁrst component depends on the velocity so that it
145is path dependent.
146Neglecting inertial and extensional terms, the momentum equation
147for radial incompressible ﬂow reduces to the lubrication approximation:
∂P
∂r
¼ ∂τ
∂z
ð11Þ
148where P is the pressure distribution in the ﬂuid.
Figure 1. Sphere-on-ﬂat geometry for a ﬁlm thickness H.
Langmuir ARTICLE
B dx.doi.org/10.1021/la202060f |Langmuir XXXX, XXX, 000–000
149 It has been shown that, to ﬁrst order, the elasticity of a ﬂuid has a
150 negligible eﬀect on the velocity ﬁeld during squeeze ﬂow39 and therefore
151 it will be taken to be equal to that for a Newtonian ﬂuid with a no slip
152 boundary condition:40
vr ¼ 3rzðrÞ½sðrÞ  zðrÞ½sðrÞ3
_S ð12Þ
153 where s(r) is given by the parabolic approximation in the region
154 0 e r e a:
sðrÞ ¼ S þ r
2
2R
ð13Þ
155156 Combining eqs 913 and integrating gives the pressure distri-
157 bution as
P ¼ 3
_Sη
sðrÞ3 ð1 e
t=λÞðr2  a2Þ
þ 36 _Sη et=λ 2a ﬃﬃﬃﬃﬃSRp ½15a6 þ 110a4SR þ 292ðaSRÞ2  120ðSRÞ3
"
þ 15 ﬃﬃ2p ða2 þ 2SRÞ4a tanða= ﬃﬃﬃﬃﬃﬃﬃﬃ2SRp Þ= 6144ðSRÞ7=2ða2 þ 2SRÞ4 o
 2r ﬃﬃﬃﬃﬃSRp ½15r6 þ 110r4SR þ 292ðrSRÞ2  120ðSRÞ3
þ 15 ﬃﬃ2p ðr2 þ 2SRÞ4a tanðr= ﬃﬃﬃﬃﬃﬃﬃﬃ2SRp Þ= 6144ðSRÞ7=2ðr2 þ 2SRÞ4 o
ð14Þ
1589 where a is given by
a ¼ ½2RðH  SÞ1=2 ð15Þ
160 The resultant force can be obtained from the integral of the pressure
161 distribution:
F ¼ 2π
Z a
0
Pr dr ¼ 6πR2 1 S
H
 2 _S
S
ηð1 et=λÞ þ 72πBt _S2η et=λ
ð16Þ
162 where
B ¼ 3SR
2ða2 þ 2SRÞ4 4aðSRÞ
0:5ð3a6 þ 22a4SR 44a2S2R2
h
 24S3R3Þ  3 ﬃﬃ2p ð2SRÞ4i ð17Þ
163 This may be generalized for a Maxwell ﬂuid with multiple relaxation
164 times by applying the linear superposition principle, thus
F ¼ 6πR2 1 S
H
 2 _S
S ∑
N
i¼ 1
ηið1 et=λiÞ þ 72πBt _S2 ∑
N
i¼ 1
ηi e
t=λi
ð18Þ
165 where N is the number of Maxwellian spring-dashpot elements in
166 parallel, and the modulus of each element, Gi, is given by
Gi ¼ ηi
λi
ð19Þ
167 where ηi and λi are the viscosity and relaxation time of each element.
41
168The expression for the adhesion force can be derived for the current
169ﬂow conﬁguration by replacing the Newtonian viscous force in eq 5 with
170the viscoelastic force to give
F ¼ k
4πσR
½Vt  ðS S0Þ
¼ 1 S
H
 
þ 3
2σ
R 1 S
H
 2 _S
S ∑
N
i¼ 1
ηið1 et=λiÞ
þ 18
σR
Bt _S2 ∑
N
i¼ 1
ηi e
t=λi  m
€S
4πσR
ð20Þ
171This approximate solution captures the main features of the full solution
172such as stress overshoot and the associated transient decay, which could
173arise from the changing force applied to the sphere during separation.
174The ﬂuid properties were calculated from measured rheological data
175(sections 3.1 and 4.1).
1762.3. Capillary-Nonlinear Viscoelastic Model. In order to
177account for nonlinear viscoelastic behavior, it is necessary to determine
178the strain field in the liquid for the sphere-on-flat geometry that is
179generated during separation of the probe. Spiegelberg et al.39 showed
180that the mean strain at the wall is an appropriate measure of the strain
181during the separation of parallel plates in the presence of a viscoelastic
182fluid, despite inhomogeneity in the strain field at the wall. Therefore,
183assuming aNewtonian velocity field (eq 12), the strain rate at the surface
184of the sphere, that is, when z(r) = s(r), is as follows:
:
γ½sðrÞ ¼ 3r½sðrÞ2
_S ð21Þ
185The mean strain rate is defined as
:
γav ¼
1
πa2
Z a
0
Z 2π
0
:
γ½sðrÞr dθ dr
¼ 3
_S
ðH  SÞ
ﬃﬃﬃﬃﬃ
2R
p ﬃﬃ
S
p tan1 aﬃﬃﬃﬃﬃﬃﬃﬃ
2SR
p
 
 a
H
" #
ð22Þ
186where θ is the azimuthal angle. Consequently, the mean strain, γav, may
187be obtained by integrating eq 22 with respect to time.
188This result can then be substituted into the constitutive eq 9, while
189eq 23 is used to calculate the strain-dependent viscoelastic modulus of
190the liquid, G(ω,γ), where this modulus may be a transient or dynamic
191value at a ﬁxed time or frequency, respectively:
Gðω,γÞ ¼ GðωÞ hðγÞ ð23Þ
192where h(γ) is described by a damping function of the following form:42
hðγÞ ¼ 1
1 þ αγβ ð24Þ
193where α and β are parameters ﬁtted to the measured strain-dependent
194behavior of the liquid. This assumes that the eﬀects of strain and strain
195rate are independent.
196Hence, the constitutive eq 9, neglecting stress overshoot, can be
197written as
τ ¼
:
γðtÞ
1 þ αγðtÞβ ∑
N
i¼ 1
ηi 1 et=λi
h i
ð25Þ
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198 An expression for the force can be derived in analogous way to eq 20:
F ¼ k
4πσR
½Vt  ðS S0Þ ¼ 1 SH
 
þ 3
2σ
R 1 S
H
 2 _S
S
1
1 þ αγðtÞβ
 !
∑
N
i¼ 1
ηið1 et=λiÞ 
m€S
4πσR
ð26Þ
3. EXPERIMENTAL SECTION
199 3.1. Materials. The linear PDMS liquids were supplied by Dow
200 Corning, U.K., and Wacker, Germany, and will be referred to as
201 PDMS17 as denoted in Table 1T1 , which summarizes the values of
202 the zero shear rate viscosity, molecular weight, and radius of gyration;
203 the nominal mean pressures applied in the dwell period (section 5.1) are
204 also given. The surface tension for all the liquids was assumed to be
205 20.5 mN/m at a temperature of 20 C,43 which was the temperature at
206 which the experiments were performed. The viscosities as a function
207 of shear rate and oscillation frequency were measured using an AR
208 2000 rheometer (TA Instruments) with a cone and plate configura-
209 tion operating at 20 C. Stainless steel cones with diameters of 20 and
210 40 mm and angles of 4 and 2 were employed for the high and low
211 viscosity liquids, respectively. The strain-dependent viscoelastic
212 response of PDMS47 was assessed at an oscillation frequency of
213 1 Hz. The molecular weight of the liquids was estimated from the data
214 presented by Lee et al.,44 Mills,45 and Rahalkar et al.,46 while the
215 radius of gyration of the molecules in the polymer melt was estimated
216 using eq 27:47,48
Rg≈k
Mw
74
 0:5
ð27Þ
217 where k = 0.55.
218 3.2. Spin Coating. PDMS14 were decanted onto clean Si wafers
219 (IDB Technologies, U.K.; 2 nm native SiO2 layer as determined by
220 ellipsometry and described in section 3.3) and then spun at frequencies
221 in excess of 30 Hz for various times, using a spin processor (WS-400 
222 106NPP-Lite, Laurell Technologies). The film thicknesses were con-
223 trolled by varying the spin duration. PDMS57 were individually
224 dissolved in HPLC grade toluene (Fisher Scientific, U.K.) to produce
225 concentrations ranging from 0.2 to 3.0% w/w. The solutions were
226 allowed to equilibrate for a minimum period of 48 h in order to ensure
227 complete dissolution. A 50 μL droplet of solution was dispensed onto
228 a clean Si wafer using a fixed needle syringe (Hamilton, U.K.)
229 immediately prior to spin coating, yielding a thin film of PDMS
230 liquid following evaporation of the solvent. The film thicknesses were
231 controlled by varying the concentration of PDMS dissolved in the
232solvent, and they were measured by ellipsometry as described in the
233next section.
234In toluene, it was expected that the radius of gyration would be
235reduced compared to the pure liquids, since it is likely to be a poorer
236solvent. It was of interest to determine if the eﬀect was suﬃciently large
237to modify the morphology of the ﬁlms deposited from this solvent. Con-
238sequently, dynamic light scattering was performed on 1.5% w/w solutions
239for all the PDMS liquids to assess the PDMS radius of gyration when
240dissolved in the solvent used for spin coating. Measurements were per-
241formed using a High Performance Particle Sizer (HPPS, Malvern In-
242struments, U.K.), which operates a laser with a wavelength of 632.8 nm.
243The refractive index of PDMS is 1.420 with an extinction coeﬃcient of
2440.001, as measured by spectroscopic ellipsometry (see section 3.3); the
245value for toluene (1.495) is a reference standard.
2463.3. Ellipsometric Measurement of Film Thickness. Ellipso-
247metry measurements were carried out using a UVISEL spectroscopic
248ellipsometer (Jobin-Yvon/Horiba, U.K.) operating with DeltaPsi2
249v2.0.8 software. The angle of incidence was set to 70. The wavelength
250range for the incident light was 250800 nm. Precautions were made to
251avoid performing measurements on visibly defective locations of the
252sample film. The spot size of the optical beamwas approximately 2 mm2.
253The determination of the film thickness was based on a four-phase
254ambient/PDMS/SiO2/Si model, in which the PDMS liquid film was
255assumed to be isotropic and modeled as Lorentzian harmonic oscillator,49
256with an initial thickness that was varied using a multivariate iterative
257calculation procedure. Table 1 lists the thicknesses of the films used for
258the AFM measurements.
2593.4. Atomic Force Microscopy Adhesion Force Measure-
260ments. Adhesion force measurements were performed using a Nano-
261Wizard II atomic force microscope (JPK, Germany) operating in contact
262mode under ambient conditions. This involved a scanner with a maximum
263lateral range of 100 100 μm and amaximum vertical range of 90 μm in
264conjunction with a CellHesion module (JPK, Germany). All sample
265handling was carried out using cleanDumostar tweezers (Agar Scientific,
266U.K.) to minimize the risk of sample contamination. Force measure-
267ments were performed using rectangular 90 μm length Si cantilevers
268(Novascan) with attached spherical SiO2 colloid probes of diameters
2692.5 and 6 μm. The cantilever spring constants, which were in the range
2701228 N/m, were determined according to the method described by
271Bowen et al.50 and are listed in Table 1. The length and width of the
272beams were 90 and 35 μm, respectively. On this basis, the beam
273thicknesses were calculated to be 1.8 μm (k = 12.95 N/m) and
2742.41 μm (k = 27.8 N/m). The beams were made from Si, which has a
275density of 2330 kg/m3 and a Young’s modulus of 152 GPa. The
276probes were made from SiO2, which has a density of 2200 kg/m
3. The
277error in the spring constants was(5%, calculated in accordance with
278the procedure outlined by Bowen et al.,50 where the uncertainties
279were considered to be (1 μm in the cantilever length and width,
Table 1. Properties of the PDMS Liquids, the Film Thicknesses, and the AFM Beam Stiﬀnesses for the Adhesion Measurements,
the Range of Capillary Numbers Investigated, and the Calculated Maximum Contact Pressures
PDMS liquid
η0
(Pa 3 .s)
approx MW
(g/mol)
calcd Rg
(nm)
Film thickness
(nm)
cantilever stiﬀness,
k (N/m) Ca range
nominal maximum contact pressure,
P (kPa)
1 0.1 7000 5.4 890 12.95a 3  1075  104 10.1
2 1 28 000 10.7 800 12.95a 3  1065  103 11.3
3 10 60 000 15.7 1,600 12.95a 3  1055  102 5.6
4 30 80 000 18.1 1,960 12.95a 1  1041  102 4.6
5 105 120 000 22.2 276 27.8b 5  1045  102 119.7
6 340 185 000 27.5 360 27.8b 1  1021 90.9
7 1124 250 000 32.0 186 27.8b 3  1032 180.9
aColloid probe radii: R = 6 μm. bColloid probe radii: R = 2.5 μm.
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280 (10 Hz in the resonant frequency, (1 GPa in the Young’s modulus,
281 and (10 kg/m3 in the density.
282 The measurements were made by driving the ﬁxed end of the
283 cantilever at a speciﬁed velocity (the drive velocity) toward the sample
284 surface, while monitoring the deﬂection of the free end of the cantilever
285 using a laser beam. The drive velocity during the approach was maintained
286 at a small value of 100 nm/s, in order to minimize viscous resistance to
287 the colloid probe penetrating into the PDMS ﬁlm. Following a dwell
288 period of 120 s with a compressive force of 500 nN, the ﬁxed end of the
289 cantilever was retracted at drive velocities in the range 0.150 μm/s and
290 the deﬂection of the free end of the cantilever was again monitored. It
291 was found that, for any given ﬁlm, a dwell period of 120 s or greater
292 yielded a constant maximum pull-oﬀ force during the retraction ramp at
293 a given drive velocity, suggesting that the probe had reached a maximum
294 penetration depth into the ﬁlm for the given contact pressure. Therefore,
295 the initial separation distance between the colloid probe and the counter-
296 surface should have been approximately constant for each retraction
297 drive velocity investigated. Real-time data traces were recorded for each
298 measurement at an acquisition rate of 5 kHz. Subsequent analysis of the
299 data allowed the distance traveled by the AFM probe tip through the
300 PDMS ﬁlm to be estimated, the thickness of which had previously been
301 determined by ellipsometry. The peak retraction force was also obtained
302 from the data; it is deﬁned as that corresponding to the greatest attractive
303 deﬂection of the free end of the cantilever.
304 3.5. Data Analysis. Matlab (MathWorks) was employed to solve
305 eqs 5, 20, and 26 iteratively for S as a function of time using a numerical
306 ordinary differential equation solver, ODE15s, to integrate the equation
307 of motion. ODE15s is a variable order solver based on the numerical
308 differentiation formula given by Shampine and Reichelt.51 It was used
309 because the equation of motion is stiff, owing to possible oscillations in
310 the solution, resulting in themore frequently usedRungeKutta algorithms
311 being computationally expensive. The evaluation of the equations requires
312 the initial separation distance, S0, which could not be measured ac-
313 curately, and the assumptions made in determining a value are discussed
314 in section 5.1. On this basis, the maximum adhesion force was calculated
315 for different values of the capillary number, Ca, which is defined as
316 follows:
Ca ¼ η0
_Speak
σ
¼ η0V
σ
ð28Þ
317 where _Speak is the velocity corresponding to the maximum adhesion
318 force when it is equal to that of the drive velocity during retraction (see
319 section 4.3).
320 4. RESULTS
321 4.1. Rheometry. PDMS12 are Newtonian, which is con-
322 sistent with their molecular weights being smaller than the
323 critical entanglement value of 34 000 g mol1 as specified by
324 Dvornic et al.52 PDMS37 are viscoelastic, which is consistent
325 with their molecular weights being greater than the critical
326 entanglement molecular weight. Figure 2F2 shows the storage,
327 G0, and loss moduli, G00, as a function of frequency for (a) PDMS3
328 and (b) PDMS7 as examples. These parameters were fitted to a
329 generalized Maxwell model:41
G0ðωÞ ¼ ∑
N
i¼ 1
ηiλi
2ω2
1 þ ðλiωÞ2
ð29Þ
G00ðωÞ ¼ ∑
N
i¼ 1
ηiλiω
1 þ ðλiωÞ2
ð30Þ
330where N is typically e4 for PDMS37. A series of moduli and
331relaxation times were calculated for each liquid using a least-squares
332method, which was based on comparing the calculated values, G0j
333and G00 j, with those measured. The curve fitting was carried out
334using the Solver function in Microsoft Excel and involved minimiz-
335ing the following expression:
∑
M
j¼ 1
G0ðωjÞ
G0j
 1
" #2
þ G
00ðωjÞ
G00j
 1
" #28<
:
9=
; ¼ δ2 ð31Þ
336where δ is the sum of the errors for all j and M is the number of
337frequencies measured. Figure 2 also shows the curve fitting when
338eq 31 is applied to themeasured storage and lossmoduli of PDMS3,
339for which N = 1, and PDMS7, for which N = 4.
340Figure 3 F3shows the master curves for G0 and G00 based on the
341relationships described by Hadjistamov53 in which these para-
342meters are shown to scale with the product of the angular frequency,
343ω, and η. The master curves were used to calculate values ofG0 and
344G00 for frequencies outside of the experimentally accessible range.
345Figure 4 F4shows the best ﬁts of eq 24 to the rheometry data for
346PDMS5 and PDMS7. Table 2 T2lists the α and β parameters
347calculated for PDMS47 for use in eq 24, which describes the
Figure 2. Measured storage (O) and loss (b) moduli of (a) PDMS3
(η0 = 10 Pa 3 s) and (b) PDMS7 (η0 = 1,124 Pa 3 s) as a function of the
oscillation frequency. Dashed and continuous lines are the storage and
loss moduli calculated using eqs 29 and 30.
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348 strain-dependent modulus of the liquids. It should be noted that
349 although PDMS3 exhibited weak viscoelastic behavior, the
350 measurable strain dependency was negligible and hence G(ω,γ)
351 was assumed to be equal to G(ω).
3524.2. Dynamic Light Scattering. Figure 5 F5is a plot of the
353measured Flory radius, Rf, as a function of the calculated radius of
354gyration, Rg, for PDMS17. The values of Rf are smaller than
355those ofRg and are linearly related within experimental error such
356thatRf =jRg, wherej = 0.38. That is, the PDMS liquid is a better
357solvent than toluene, as might be expected since the PDMS is
358essentially a theta solvent.
3594.3. Atomic Force Microscopy. Figures 6 F6and 7 show typical
360forcedistance data for an adhesion F7measurement performed
361with PDMS7 having a mean film thickness of 186 nm. The
362variability of all such data was less than 1%. The x-axis represents
363the distance of the fixed end of the cantilever from the minimum
364value corresponding to that at the completion of the dwell period.
365During approach, at a fixed-end displacement of 225 nm, an
366unstable jump can be seen due to the attractive potential acting
367between the probe and the surface of the liquid film, probably
368arising only from van der Waals interactions. On the basis of the
369change in the force and the stiffness of the cantilever, the
370displacement of the probe is 36 nm, giving a probe tip location
371that is approximately equal to the measured thickness of the film;
372the evidence suggests that a finite gap exists at the end of the
373dwell period (see section 5.1). There is a decrease in the probe
374velocity upon formation of a liquid junction between the probe
375and film, which occurs immediately after the jump-to event.
376Subsequently, the force remains constant for a limited period
377during which there is a balance between the opposing capillary
378and squeeze flow forces as the probe penetration depth increases.
379The force on the cantilever is tensile in this region of the force
380displacement data, and hence, it can be considered that capillary
381forces dominate. Since the gradient in force is small, the velocity
382of the probe will be approximately equal to the drive velocity in
383this region. At longer times, the squeeze flow force becomes
384greater than the capillary forces and the resultant attractive force
Figure 3. Master curves of (a) the storage modulus and (b) the loss
modulus for PDMS calculated from the rheometry data for PDMS3 (O),
PDMS4 (b), PDMS5 (0), and PDMS7 (9).
Figure 4. Measured damping function at 1 Hz as a function of the strain
for PDMS5 (O) and PDMS7 (b); the lines are the best ﬁt to eq 24.
Table 2. Dtrain-Dependent Modulus Fitting Parameters
(eq 24) for PDMS4-7
PDMS liquid η0 (Pa 3 s) α β
4 30 0.006 1.55
5 105 0.02 1.9
6 340 0.06 1.8
7 1124 0.1 2.2
Figure 5. Flory radius for PDMS in toluenic solution as a function of the
radius of gyration. The line is the best ﬁt to the data (R2 = 0.817).
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385 acting on the probe starts to decrease until at 19 nm it has a zero
386 value. At smaller values of the separation distance, there is an
387 increase in the compressive force due to the squeeze flow re-
388 sistance until a limiting minimum value of separation is reached
389 corresponding to the stiffness of the residual liquid film being
390 greater than that of the cantilever. It is not possible to measure
391 directly the actual value of this minimum separation distance; its
392 estimation is discussed in section 5.1.
393 Following the dwell period when retraction is initiated, the
394 compressive load is removed and a tensile load is applied. The
395 probe then starts to travel through the ﬁlm, accelerating from a
396 static state toward the drive velocity of the ﬁxed end of the
397 cantilever. The probe velocity becomes equal to the drive value at
398 the peak force, since by deﬁnition this corresponds to the force
399 gradient being zero; the ﬁnite time interval involved has been
400 observed in previous work.54 The tensile load applied to the
401 probe upon retraction of the ﬁxed-end subsequently decreases as
402 it is driven further away from the ﬁlm. The region of liquid in
403 contact with the probe is deformed and pulled into a ﬁlament,
404 which extends and thins as the probe is increasingly retracted.
405 Finally, there is a rupture event, in this case at a ﬁxed-end
406 displacement of approximately 1.5 μm.
407The measured peak adhesive force, Fpeak, was normalized as
408follows:
Fpeak ¼
Fpeak
4πσR
ð32Þ
40910Figure 8 shows that the F8measured value of Fpeak
* is ∼1 for
411Ca < 103 and begins to increase gradually for 103 <Ca < 102, up
412to Fpeak
* ∼ 9 for Ca ∼ 1. This represents a transition from the
413capillary plateau region where Fpeak
* is independent of velocity to a
414region where the viscous or viscoelastic interactions are important.
415It should be noted that optical interference is observable in the
416AFMdata as an approximately sinusoidal low frequency signal. In
417Figure 6, it is most evident at larger separation distances but it
418actually occurs at all separation distances and is a signiﬁcant
419factor in introducing uncertainties in the adhesion data (see
420section 5.4). The interference is caused by the reﬂection of the
421laser beam from both the AFM cantilever and the Si wafer. The
422wafers employed in this research were highly polished and
423therefore strongly reﬂective. They could not be substituted by
424a less reﬂective surface, such as glass, since the ﬁlm thickness had
425to be ascertained by ellipsometry, which requires a reﬂective
426countersurface. Attempts were made to ﬁlter the interference by
427employing fast Fourier transforms (FFT), which has proven suc-
428cessful when applied to interference present in AFM images.55
429However, this proved to be unsuccessful when applied to the data
430obtained here, because the periodicity of the interference varied
431nonlinearly as a function of the separation distance. An atomic
432force microscope with high frequency current modulation was
433successful previously in minimizing the amplitude of interference
434in the acquired deﬂection signal,56 but such equipment was not
435available for the experiments performed here.
4364.4. Effect of Spin Coating from Solvent. It was important to
437establish whether the rheological properties of PDMS57 were
438affected by spin coating from toluenic solutions. Since PDMS57
439could not be spin coated in a pure form in the same way as
440PDMS14, a 2.5% w/w toluenic solution of PDMS2was created
Figure 7. Details of the approach data shown in Figure 6.
Figure 8. Measured values of the nondimensional adhesion force (9),
Fpeak
* , as a function of the capillary number, Ca, together with the values
calculated using the capillary-viscous model (continuous, eq 5), capil-
lary-linear viscoelastic stress overshoot model (dashed, eq 20), and
capillary-nonlinear viscoelastic model (dotted, eq 26). For Ca < 104,
the experimental and calculated data are approximately equal for all three
models. Inset shows the eﬀect of S0 on Fpeak
* (continuous, S0 = 5.6 nm;
dashed S0 = 10 nm; dotted, S0 = 15 nm).
Figure 6. Measured AFM forcedisplacement curves for PDMS7
(η0 = 1,124 Pa 3 s, V = 100 nm/s, H = 186 nm, R = 2.5 μm, k = 27.8
N/m) showing data for the approach (dashed line) and retraction
(continuous line).
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441 and spin deposited onto a Si substrate. First, the ellipsometrically
442 calculated properties of the PDMS2 film prepared from pure
443 liquid and the film prepared from toluenic solution were com-
444 pared over the wavelength range 300800 nm. It was found that
445 the refractive index and extinction coefficient for both films were
446 identical within experimental error, suggesting that there was not
447 residual toluene remaining in the film deposited from toluenic
448 solution. Second, the peak adhesive force was measured for both
449 PDMS2 films using AFM. At a drive velocity of 1 μm/s, the
450 values of Fpeak
* were 1.12 ( 0.06 and 1.08 ( 0.03 for the films
451 prepared from the pure PDMS2 and from the toluenic solution.
452 The corresponding values at a drive velocity of 10 μm/s were
453 1.36 ( 0.14 and 1.35 ( 0.04. Hence, there was no significant
454 difference between the measured values for the two types of
455 deposition.
456 5. DISCUSSION
457 5.1. Minimum Separation Distance. As discussed in section
458 4.3, it was not possible to directly measure the minimum
459 separation distance in the current work, and this is a critical
460 parameter for evaluating any theoretical models. It has been shown
461 previously that thin films of polymer melts can exhibit different
462 viscosities,57,58 diffusion coefficients,59 and glass transition
463 temperatures60,61 due to reduced chain mobility in the proximity
464 of a liquidsolid interface. The reduction in chain mobility has
465 been ascribed to steric hindrance, and the reduction is greater if
466 there is an attractive interaction at the interface.62 As this is an
467 interfacial phenomenon, the effect becomes less pronounced
468 with increasing film thickness.58 When the interaction is attrac-
469 tive, the resulting adsorption of the polymer chains at the interface63
470 will cause a local increase in the viscosity. For repulsive interac-
471 tions, the viscosity has been shown to decrease with respect to
472 the bulk value as the film thickness is decreased.58 For such
473 systems, dewetting of the thin film can be imposed through the
474 application of a surface perturbation.58
475 In the current work, the above phenomena may have a sig-
476 niﬁcant eﬀect on the minimum gap achieved between the colloid
477 probe and the Si wafer. Previous work has revealed the presence
478 of adsorbed layers of polymeric molecular chains aligned in a
479 direction parallel to surfaces wetted by PDMS, due to attractive
480 moleculesubstrate interactions, using ellipsometry,64 X-ray reﬂec-
481 tivity,65,66 AFM, 67 and the surface forces apparatus (SFA).6870
482 With the exception of the SFA experiments conducted by
483 Yamada,70 in which PDMS of molecular weight 80 kg/mol was
484 studied, the values were in the range 3.56.5 kg/mol, corre-
485 sponding to a viscosity of only∼0.05 Pa 3 s or less. Hence, for the
486 experiments conducted here, it can reasonably be expected that
487 the colloid probe cannot penetrate completely through such
488 ﬁlms into direct contact with the wafer. From a comparison of the
489 AFM approach curves with the ellipsometrically measured ﬁlm
490 thicknesses, it may be concluded that the probe travels through
491 most of the ﬁlm thickness before reaching a location close to the
492 countersurface. For example, the approach curve shown in Figure 7
493 reveals that the probe has traveled approximately 180 nm when
494 in contact with the liquid ﬁlm, which is consistent with the
495 ellipsometrically measured mean ﬁlm thickness of 186 nm for
496 this ﬁlm, allowing for small ﬂuctuations in ﬁlm thickness across
497 the substrate surface.
498 The presence of absorbed surface lubricating layers during
499 AFM measurements has been proposed previously.71 The SiO2
500 present at the colloid probe surface and the wafer will provide an
501attractive potential that serves to ﬂatten the random coil conﬁg-
502urations of the PDMS molecules, forcing chains to lie parallel to
503the surfaces. Upon the approach of two mica surfaces in PDMS
504using SFA, the force between the plates was found to jump with a
505periodicity corresponding to 0.7 nm, the diameter of a PDMS
506chain,70 when the separation distance between the surfaces was
507of the order of 56 nm.68 The polymer chains are forced into a
508parallel conﬁguration by the approaching plates such that these
509layers at the solid/liquid interface have a thickness of several
510nanometers. PDMS with molecular weights of 3.7 kg/mol68 to
51180 kg/mol70 have been shown to produce a periodic layered
512structure when conﬁned between two rigid interfaces. SFA
513experiments have shown that only with high contact pressures
514of ∼2 MPa and with imposed lateral sliding can separation
515distances of the order of a few molecular layers be achieved.70
516In the current work, we assume that layering of the PDMS
517molecules will occur at the SiO2 and Si surfaces regardless of the
518molecular weight of the PDMS employed. When the colloid
519probe is in contact with the ﬁlm, the maximum mean contact
520pressure, P, can be estimated using the following relationship:
P̅ ¼ Fc
πa2
ð33Þ
5212where, Fc is the compressive load of 500 nN applied during the
523dwell period. The calculated values of P are given in Table 1 and
524are approximately an order of magnitude smaller than 2 MPa.
525Therefore, it may be assumed that a separation distance of about
52656 nm is appropriate for the experiments presented here. An
527initial separation distance of 5.6 nm is consistent with a 2.8 nm
528thickness layer present at both the wafer and probe surfaces,
529corresponding to eight molecular diameters of layered PDMS
530chains. The current data suggest that this separation distance is
531not a function of the molecular weight of the PDMS and, therefore,
532the radius of gyration. In the current analysis, it has been assumed
533that the ﬂow properties at the minimum separation distance are
534equivalent to those of the bulk liquid. However, due to the acute
535radius of curvature of the probe, the separation distance increases
536rapidly with increasing radial distance and, moreover, the peak
537strain rate at the boundaries of the probe and wafer will be at
538some ﬁnite distance from the axis of symmetry.72
5395.2. Comparison of Experimental Results with the Capillary-
540Viscous Model. Figure 8 shows a comparison between the
541measured values of Fpeak
* and those calculated using eq 5 for an
542initial gap of 5.6 nm. In the capillary regime (Ca < 103), the
543measured values are comparable with those calculated using
544the capillary-viscous model with a negligible viscous component.
545The range 103 < Ca < 102 corresponds to the viscous regime
546when the force increases with increasing viscosity and separation
547velocity; these trends have been observed previously.27,29 In this
548range, the capillary-viscousmodel provides a satisfactorily accurate
549value of Fpeak
* . At values of Ca > 102, this model leads to an
550increasing overestimation of the measured forces; for example,
551for Ca ∼ 1, the calculated value is approximately a factor of
5524 greater than that measured. Such deviations could not be
553accounted for by uncertainties in the initial gap and the experi-
554mental data, and thus, the influence of a viscoelastic contribution
555was examined as discussed in the next section.
5565.3. Comparison of Experimental Results with the Capillary-
557Linear Viscoelastic Stress Overshoot Model. Figure 8 shows
558that taking account of viscoelastic flow (eq 20) has reduced the
559calculated values of Fpeak
* at the large values of Ca, leading to an
560improvement in the fit to the data. At Ca ∼ 1, the measured
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561 value of Fpeak
* is ∼6.8, while the calculated values using the
562 capillary-viscous and capillary-linear viscoelastic stress overshoot
563 models are ∼25 and ∼15, respectively. The stress overshoot
564 term was found to be negligibly small, probably because of the
565 square dependency of the probe velocity, and thus would be
566 significant only at much greater velocities.
567 5.4. Comparison of Experimental Results with the Capil-
568 lary-Nonlinear Viscoelastic Model. The calculated adhesive
569 forces based on the capillary-nonlinear viscoelastic model (eq 26)
570 are shown in Figure 8, and generally there is excellent agreement
571 with the measured values but with some divergence for Ca > 0.1.
572 For example, at Ca∼ 1, themeasured value of Fpeak* is∼6.8, while
573 the calculated value using the nonlinear viscoelastic model is
574 ∼8.3. This is significantly closer to the measured value than that
575 calculated using the capillary-viscous model (∼25) and the
576 capillary-linear viscoelastic stress overshoot model (∼15). For
577 Ca < 0.1, there is close agreement between the measured and
578 calculated values using the capillary-nonlinear viscoelastic model,
579 which is a significant improvement on the other models, for
580 which the deviation between measured and calculated values
581 becomes evident at Ca ∼ 103.
582 It was concluded that the increasing deviation of the calculated
583 values from the experimental data with increasing Ca for Ca > 0.1
584 is a result of the approximate nature of the theory. Further im-
585 provements based on analytical models to reduce the relatively
586 small deviations in this range of Ca would be diﬃcult, and
587 consequently, it would be necessary to employ a numerical ap-
588 proach such as ﬁnite element analysis. Experimental errors, the
589 uncertainty in estimating S0, and wall slip were considered as the
590 main factors that could have contributed to the deviations; wall
591 slip is discussed in section 5.5. The experimental data were
592 extremely reproducible with deviations of <1% for ﬁlm thick-
593 nesses, forces, and viscosities measured using ellipsometry, AFM,
594 and viscosities rheometry. The absolute uncertainty for ellipso-
595 metry was <1 nm, while for the forces measured with the AFM it
596 was <(15 nN, which arises primarily from the optical inter-
597 ference. Since the amplitude of the interference was constant, it
598 becomes increasingly insigniﬁcant with increasing Ca due to the
599 increase in Fpeak.
600 The calculated data were relatively insensitive to the absolute
601 value of S0 and the values of the separation distance, Speak,
602 corresponding to Fpeak increased with Ca for Ca > 10
3 and were
603 more than an order of magnitude greater than S0 at Ca = 1. Thus,
604 in this range of Ca, the value of S0 becomes an increasingly less
605 signiﬁcant factor, whereas the deviations from experiment of the
606 calculated values of Fpeak increase. The values of Fpeak were
607 calculated using the capillary-viscous model for values of S0 of
608 5.6, 10, and 15 nm, which are shown in the inset in Figure 8.
609 Increasing the value of S0 in this range results in a relatively small
610 reduction in Fpeak that is insuﬃcient to explain the deviations
611 from the experimental data. Negligible diﬀerences were obtained
612 for the corresponding calculations using the capillary-nonlinear
613 viscoelastic model.
614 While the models are only applicable in the lubrication limit, it
615 is useful for validation purposes to compare the directly mea-
616 sured and calculated forces as a function of time in this limit,
617 which is exempliﬁed for Ca = 0.17 in Figure 9F9 . The capillary-
618 viscous and capillary-linear viscoelastic stress overshoot models
619 lead to large diﬀerences with the measured data. However, for the
620 capillary-nonlinear viscoelastic model, there is a reasonable
621 agreement with the measured value of Fpeak and it corresponds
622 to similar times. At greater times, the calculated force decreases
623more rapidly than the measured force. It is reasonable to assume
624that the long wavelength optical interference (see section 4.3) is a
625signiﬁcant factor in this deviation and is likely to contribute to the
626diﬀerence between the measured and calculated values of Fpeak.
627The other contributory factor is that an extensional component
628to the ﬂow ﬁeld will become increasingly important with increasing
629separation distances.
6305.5. The Effect of Slip. As discussed in section 5.1, the finite
631minimum gap, S0, probably arises from multimolecular layers in
632which the polymer chains are oriented in a direction that is
633parallel to the surfaces of the probe and wafer. Thus, there is
634some uncertainty about whether there could be slip between the
635bulk of the fluid and the absorbed layer. The close agreement
636between the measured and calculated values of the force for the
637capillary-nonlinear viscoelastic model suggests that slip is not a
638significant factor. Moreover, recent experiments with PDMS
639liquids using AFM, in which slip was predicted and expected to
640be observed, proved not to be the case,71 leading to the con-
641clusion that a no slip boundary condition was consistent with the
642Reynolds lubrication approximation. Following the same proce-
643dure as Vinogradova,73 but using the boundary conditionΔP = 0
644at r = a, where ΔP is the difference between the hydrostatic
645pressure in the fluid and atmospheric pressure as assumed by
646Matthewson,33 it may be shown that for a Newtonian liquid
ΔP ¼ ηR _S 1
6ξ
1
hðrÞ 
1
H
	 
þ 1
36ξ2
ln
6ξ þ H
6ξ þ hðrÞ
 	
 ln H
hðrÞ
 

ð34Þ
647where ξ is the slip length. Assuming that the parabolic approx-
648imation (eq 13) is valid, integration yields
FV ¼ ηR
_S
2σ
SH
ξH
þ 6ξ þ S
6ξ2
ln
6ξ þ S
6ξ þ H
 
þ ln H
S
 	  

ð35Þ
649In the limit ξf 0, eq 35 reduces to eq 3, which was derived for a
650no slip boundary condition.
Figure 9. Measured force as a function of time (continuous thick line)
and calculated values using the capillary-viscous model (dashed thick
line, eq 5), capillary-linear viscoelastic stress overshoot model (con-
tinuous thin line, eq 20), and capillary-nonlinear viscoelastic model
(dashed thin line, eq 26).
Langmuir ARTICLE
I dx.doi.org/10.1021/la202060f |Langmuir XXXX, XXX, 000–000
651 If a minimum gap of S0 = 0.2 nm is assumed, which is
652 consistent with the minimum possible gap allowing for intera-
653 tomic repulsion, a slip length could be introduced that might
654 account for the diﬀerences between the experimental and cal-
655 culated peak forces. This corresponds to ξ = 17.7 nm, which is
656 much greater than the upper bounds on the gap estimated from
657 the experimental data. Moreover, although slip is predicted to
658 occur when wetting is poor,74 PDMS is perfectly wetting on SiO2
659 surfaces, and hence Si surfaces, which generally have a native
660 SiO2 layer, and therefore this supports the contention that a no
661 slip boundary condition is appropriate.
662 5.6. The Effect of Cantilever Spring Constant. It has
663 previously been stated that the cantilever spring constant, or
664 system stiffness, has an important effect on the magnitude of the
665 forces measured during dynamic experiments such as those pres-
666 ented here.34 All mechanical systems exhibit some form of
667 compliance and hence can be considered to have a spring constant.
668 For example, rigid-framed systems such as mechanical testers
669 employ load cells that will have spring constants on the order 105
670 N/m and greater. Additionally, AFM cantilevers made from
671 photocurable resin have been manufactured using Direct Digital
672 Manufacturing,75 exhibiting spring constants of the order 100
673 1000N/m, which allows beams in the μN tomN force regimes to
674 be used in AFM. Hence, Fpeak
* was calculated as a function of Ca
675 for different values of k using both the capillary-viscous and
676 capillary-nonlinear viscoelastic models. The results are shown in
677 Figures 10F10 and 11, respectively. For these calculations, H =
678 500 nm, σ = 20.5 mN/m,F11 and R = 5 μm. Figure 10 shows that
679 increasing k does not significantly influence Fpeak
* for Ca < 104,
680 but for Ca > 104 there is a pronounced dependency on k with
681 the effect becoming greater with increasing k. For Ca = 10 and
682 k = 2N/m, Fpeak
* = 22.8, and for each order of magnitude increase
683 in k, up to Fpeak
* = 3683 for k = 2 105 N/m, Fpeak* is increased by
684 a factor of 2 or more. These results demonstrate that, for
685 Newtonian liquids, the stiffness of a mechanical system will have
686 a significant effect on the probe velocity upon retraction and
687 therefore the measured value of Fpeak
* . Figure 11 shows that for
688 viscoelastic liquids the effect of k on Fpeak
* also becomes apparent
689 for Ca > 104. However, the results for 200 N/m < k < 2  105
690 N/m have a similar value in the range 103 < Ca < 0.1.
691For Ca > 0.1, greater values of k start to yield smaller values of
692Fpeak
* , which suggests that the viscoelastic response of the liquid is
693extremely sensitive to k. The Supporting Information contains
694details regarding numerical oscillations that tended to occur
695during the calculation of peak forces under these conditions, at
696the onset of probe motion. It is not possible to deduce whether
697the oscillations are a numerical artifact since none were observed
698experimentally, but the stiffnesses involved were much lower.
6996. CONCLUSIONS
700The current work has established that an AFM in conjunction
701with a colloid probe is suitable for characterizing the adhesive
702behavior of thin ﬁlms of PDMS liquids spin coated onto Si
703wafers. Even for slow approach velocities and long dwell times,
704the minimum separation distance between the probe and the
705wafer was assumed to be ∼6 nm irrespective of the molecular
706weight and hence the radius of gyration in the bulk ﬂuid; this
707distance corresponds to a multimolecular layer in which the
708polymer chains are oriented in a parallel direction to the surfaces
709of the probe and wafer. Analytical models can be derived to
710estimate the maximum adhesive force as a function of the Capillary
711number, Ca. For small values of Ca, the data are consistent with
712those calculated on the basis of the capillary forces. There is a
713lower critical value of Ca above which viscous forces also become
714signiﬁcant and the measured adhesive forces may be accurately
715calculated on this basis. For viscoelastic liquids at larger values of
716Ca, these calculated values of the force increasingly overestimate
717those measured. To a reasonable approximation, this may be
718accounted for at Ca > 0.1 by considering the inﬂuence of non-
719linear viscoelasticity. The inertia of the AFM beam and viscoe-
720lastic stress overshoot eﬀects were negligibly small and thus were
721not contributory factors. Finally, it was observed that the max-
722imum viscous/viscoelastic adhesive force increases as the stiﬀ-
723ness of the beam increases.
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Figure 10. Efect of the cantilever spring constant, k, on the calculated
values of the nondimensional adhesion force, Fpeak
* , based on the
capillary-viscous model (eq 5) where k = 2 (thin continuous), 2 
101 (thin dashed), 2  102 (thin dotted), 2  103 (thick continuous),
2  104 (thick dashed), and 2  105 (thick dotted).
Figure 11. Eﬀect of the cantilever spring constant, k, on the calculated
values of the nondimensional adhesion force, Fpeak
* , based on the
capillary-nonlinear viscoelastic model (eq 26) where k = 2 (thin
continuous), 2  101 (thin dashed), 2  102 (thin dotted), 2  103
(thick continuous), 2 104 (thick dashed), and 2 105 (thick dotted).
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